. Voltagegated potassium channel Kv1.3 regulates GLUT4 trafficking to the plasma membrane via a Ca 2ϩ -dependent mechanism. Am J Physiol Cell Physiol 290: C345-C351, 2006; doi:10.1152 doi:10. /ajpcell.00091.2005.3 is a voltage-gated K ϩ channel expressed in insulin-sensitive tissues. We previously showed that gene inactivation or pharmacological inhibition of Kv1.3 channel activity increased peripheral insulin sensitivity independently of body weight by augmenting the amount of GLUT4 at the plasma membrane. In the present study, we further examined the effect Kv1.3 on GLUT4 trafficking and tested whether it occurred via an insulin-dependent pathway. We found that Kv1.3 inhibition by margatoxin (MgTX) stimulated glucose uptake in adipose tissue and skeletal muscle and that the effect of MgTX on glucose transport was additive to that of insulin. Furthermore, whereas the increase in uptake was wortmannin insensitive, it was completely inhibited by dantrolene, a blocker of Ca 2ϩ release from intracellular Ca 2ϩ stores. In white adipocytes in primary culture, channel inhibition by Psora-4 increased GLUT4 translocation to the plasma membrane. In these cells, GLUT4 protein translocation was unaffected by the addition of wortmannin but was significantly inhibited by dantrolene. Channel inhibition depolarized the membrane voltage and led to sustained, dantrolene-sensitive oscillations in intracellular Ca 2ϩ concentration. These results indicate that the apparent increase in insulin sensitivity observed in association with inhibition of Kv1.3 channel activity is mediated by an increase in GLUT4 protein at the plasma membrane, which occurs largely through a Ca 2ϩ -dependent process.
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insulin; glucose; diabetes; calcium VOLTAGE-GATED POTASSIUM (Kv) channels regulate cell membrane potential (V m ) by controlling the rate of K ϩ exit from the cell and can therefore modulate a large number of cellular processes. Kv1.3 is a Shaker-related Kv channel that is expressed in several tissues, including insulin-sensitive tissues such as fat and skeletal muscle. The channel has been implicated in the regulation of a variety of physiological functions, including cell volume regulation, apoptosis, T-cell activation, and renal solute homeostasis. Channel activity is controlled in a complex manner, not only by changes in V m but also by threonine, serine, and tyrosine phosphorylation. Serotonin and insulin can both downregulate the activity of the Kv1.3 channel. In the case of insulin, channel inhibition has been observed in the olfactory bulb and is mediated by phosphorylation of multiple tyrosine residues (7) .
Despite extensive data regarding the kinetic and pharmacological properties as well as the regulation of Kv1.3, its physiological role is not totally understood. Examination of Kv1.3-knockout mice (Kv1.3 Ϫ/Ϫ ) generated by gene targeting revealed a previously unrecognized role for Kv1.3 in body weight regulation (25) . Indeed, Kv1.3 Ϫ/Ϫ mice weigh significantly less than their control littermates. Moreover, they are protected from diet-induced obesity and gain significantly less weight than their littermate controls when fed a high-fat diet. Although food intake did not differ significantly between Kv1.3 Ϫ/Ϫ mice and controls, basal metabolic rate measured at rest using indirect calorimetry was significantly higher in the knockout animals. These data indicate that Kv1.3 channels may participate in the pathways that regulate body weight as well as that channel inhibition increases basal metabolic rate.
Furthermore, we previously showed that acute inhibition (2 h) of Kv1.3 channel activity in wild-type, obese, and diabetic mice increased insulin sensitivity independently of body weight (26) . Baseline and insulin-stimulated glucose uptake are increased in adipose tissue and skeletal muscle of Kv1.3 Ϫ/Ϫ mice compared with weight-matched control mice. Inhibition of Kv1.3 activity in wild-type mice suppresses JNK activity in fat and skeletal muscle, decreases IL-6 and TNF-␣ secretion, and facilitates the translocation of glucose transporter 4 (GLUT4) to the plasma membrane.
Recent studies have indicated that Kv1.3 might serve as a substrate of insulin receptors (IRs). Kv1.3 channel activity is inhibited by tyrosine phosphorylation both in vivo and in vitro (7). Therefore, it is possible that Kv1.3 increases peripheral glucose uptake by augmenting the effect of insulin. Alternatively, Kv1.3 inhibition may depolarize the cell membrane and facilitate peripheral glucose uptake via insulin-independent mechanisms. Such a pathway has been identified in skeletal muscle, where either muscle contraction or V m depolarization induced by high extracellular K ϩ concentration appears to stimulate glucose uptake by recruiting GLUT4 to the plasma membrane in the absence of insulin.
In this study, we further examined the effect Kv1.3 inhibition on GLUT4 trafficking and tested whether channel inhibition stimulates glucose uptake and GLUT4 translocation by augmenting the action of insulin or by acting through an insulin-dependent pathway.
METHODS
Glucose uptake in adipose tissue. Baseline and insulin-stimulated glucose uptake were measured in epididymal fat isolated from wildtype mice as described previously (26) . All protocols that involved the use of animals were reviewed and approved by the Animal Committee at Veterans Administration Connecticut Health System.
Western blot analysis. Homogenates were prepared from the white fat of Kv1.3 ϩ/ϩ mice and 3T3-L1 cells. Protein (10 g) was resolved when 10% SDS-PAGE was performed, and then the protein was transferred onto a nitrocellulose membrane, which was probed with a goat anti-human Kv1.3 PAb (1:200 dilution; Santa Cruz Biotechnology, Santa Cruz, CA). Immunoreactive protein bands were visualized using ECL (PerkinElmer, Boston, MA) as previously described (28) .
Immunodetection of GLUT4 and Kv1.3 in adipocytes. Primary cultures of epididymal fat isolated from wild-type mice under sterile conditions were established as described previously (26) using the method of Cabrero et al. (3) . Cells were treated with the compounds of interest for 30 min at 37°C and then fixed with 3% paraformaldehyde in PBS for 3 min at room temperature. GLUT4 expression was detected in nonpermeabilized adipocytes using immunofluorescence (anti-GLUT4 antibody directed against an external epitope; Santa Cruz Biotechnology). Kv1.3 expression was measured in permeabilized cells using a goat anti-human Kv1. Measurement of intracellular Ca 2ϩ concentration. NIH-3T3 adipocytes were incubated for 15 min in KRB buffer with 5 M fluo-3 AM (Molecular Probes). The cells were then washed three times in KRB buffer. For some studies, the cells were incubated and washed in Ca 2ϩ -free KRB buffer. The cells were scanned before and after the addition of the drugs of interest using a FluoView confocal laserscanning microscope with a UPlan Fluorite N ϫ20 magnification lens objective (numerical aperture 0.5). Images were obtained at a 0.3 s/frame rate, and 30 frames were obtained to record a total of 9 s for each condition. The data were analyzed using FluoView imageprocessing software (version 2.1) and saved to a spreadsheet software file (Excel 2000; Microsoft).
Statistical analysis. The two-tailed Student's t-test for unpaired samples was used to analyze the data shown, and data for which P Ͻ 0.05 are indicated as appropriate.
RESULTS

Kv1.3 protein expression was confirmed in adipocytes using
Western blot analysis of white fat isolated from wild-type mice. A single band of the expected size (68 kDa) was detected (Fig. 1A) , and its specificity was confirmed by its absence in white fat obtained from Kv1.3 Ϫ/Ϫ mice (Fig. 1A ). Kv1.3 protein expression was also detected in the NIH-3T3 adipocyte cell line (Fig. 1A) . The expression level in adipose tissue was greater than that in NIH-3T3 cells. Confocal microscopy of permeabilized adipocytes revealed that although Kv1.3 was expressed at the plasma membrane (Fig. 1B) , a significant fraction of Kv1.3 protein appeared to be intracellular.
We previously showed that baseline glucose uptake in skeletal muscle and adipose tissue was higher in Kv1.3 Ϫ/Ϫ mice than in wild-type mice. Furthermore, Kv1.3 inhibition with margatoxin (MgTX) significantly increased glucose uptake in these tissues. We thus asked whether the Kv1.3-dependent stimulation of glucose uptake is mediated by an insulin-regulated pathway. Because insulin-dependent glucose uptake involves the activation of class 1A phosphatidylinositol 3Ј-kinase (PI3K), we reasoned that if the action of Kv1.3 on glucose uptake is insulin independent, PI3K inhibition should have no significant effect on the observed transport rates. Adipose tissue was isolated from wild-type mice, and glucose uptake was assayed under various conditions. We found that 1 nM insulin increased glucose uptake 1.9-fold (n ϭ 3), whereas 10 and 100 nM insulin caused 4.6-fold (n ϭ 5) and 4.5-fold increases (n ϭ 5), respectively. Therefore, 10 nM insulin was used in all subsequent studies. Because MgTX inhibits Kv1.3 with a K i of 50 -100 pM, the dose of 1 nM was chosen to maximize the specific inhibition of Kv1.3 channels. As shown in Fig. 2A , we confirmed that either dantrolene, which inhibits Ca 2ϩ release from intracellular stores, or wortmannin (PI3K inhibitor) alone had no effect on baseline glucose uptake and that insulin-stimulated glucose transport was highly sensitive to inhibition by wortmannin and was partially blocked by dantrolene. In contrast, MgTX-stimulated glucose uptake in adipose tissue was unaffected by the addition of wortmannin, whereas dantrolene completely abrogated the stimulatory effect of MgTX on glucose transport (Fig. 2B) . These data support the notion that Kv1.3 inhibition increases glucose uptake via an PI3K-independent process. Furthermore, they suggest a critical role for the release of Ca 2ϩ from intracellular stores.
Insulin stimulates glucose uptake by causing the glucose transporter GLUT4 to translocate from intracellular stores to the plasma membrane. We previously showed that Kv1.3 inhibition also increases the amount of GLUT4 protein at the plasma membrane in both adipocytes and skeletal muscle (26) . Because Kv1.3-mediated glucose transport is dantrolene sensitive, the Ca 2ϩ dependence of GLUT4 translocation was examined in untransfected, nonpermeabilized adipocytes in Fig. 1 primary culture using a GLUT4 antibody raised against an extracellular epitope. Psora-4, the most potent small-molecule inhibitor of Kv1.3 (23), caused a large increase in plasma membrane GLUT4 in the absence of external Ca 2ϩ (Fig. 3 , far and middle left images). As noted in the transport studies, Kv1.3's action on GLUT4 translocation was insensitive to wortmannin but almost completely inhibited by dantrolene.
These data indicate that Kv1.3 inhibition stimulates glucose uptake by facilitating the translocation of GLUT4 to the plasma membrane through a mechanism that is critically dependent on Ca 2ϩ release from intracellular stores. Kv1.3 is a voltage-gated K ϩ channel (activation threshold of approximately Ϫ30 mV) (27) that is known to regulate V m and Ca 2ϩ signaling in lymphocytes (4). Kv1.3 inhibition is associ- Fig. 2 . Kv1.3-mediated glucose uptake is phosphatidylinositol 3Ј-kinase independent. A: effect of insulin on glucose uptake in adipose tissue. Baseline glucose uptake was measured at 20 min in PBS. Insulin (10 nM) significantly increased baseline uptake (n ϭ 5). Wortmannin (100 nM) blocked the effect of insulin completely (n ϭ 5), whereas dantrolene (DAN; 12.5 M) was a partial inhibitor (n ϭ 5). B: effect of margatoxin (MgTX) on glucose uptake. Baseline glucose uptake measured at 20 min in PBS was significantly stimulated by MgTX (1 nM) (n ϭ 5). DAN (12.5 M) blocked the effect of MgTX completely (n ϭ 5), whereas wortmannin (100 nM) had no effect (n ϭ 5). The action of insulin and MgTX was additive (n ϭ 5). ated with a decrease in intracellular Ca 2ϩ in T lymphocytes because the channel protects against V m depolarization and maintains a favorable electrochemical gradient for Ca 2ϩ entry. The role of Kv1.3 in adipocyte Ca 2ϩ signaling was examined. As shown in Fig. 4A , Kv1.3 inhibition in adipocytes led to repeated depolarization spikes, suggesting that the channel plays an important role in maintaining baseline V m . Surprisingly, Kv1.3 inhibition was associated with a significant increase in intracellular Ca 2ϩ concentration and the generation of Ca 2ϩ waves (Fig. 4B ), which were both completely inhibited by dantrolene.
To test whether V m depolarization and Ca 2ϩ release from intracellular stores were critical mechanisms through which Kv1.3 inhibition enhanced GLUT4 translocation, adipocytes were depolarized by raising external K ϩ concentration. As shown in Fig. 5 (left) , compared with 5 mM K ϩ (V m approx- imately Ϫ60 mV), both 50 mM K ϩ (V m approximately Ϫ15 mV) and 150 mM K ϩ (V m ϳ0 mV) increased GLUT4 translocation to the plasma membrane in the absence of external Ca 2ϩ . The effect of V m depolarization on GLUT4 traffic was almost completely inhibited by dantrolene, which inhibits Ca 2ϩ release from intracellular stores (Fig. 5, right) . These data strongly support the notion that depolarization-induced GLUT4 translocation does not require external Ca 2ϩ but is dependent on Ca 2ϩ release from intracellular compartments.
DISCUSSION
Kv1.3 is a novel component of the pathways that regulate body weight, energy expenditure, and glucose homeostasis (25, 26) . Its effect on glucose metabolism is independent of body weight, which is evident in obese and diabetic mice. Kv1.3 channel inhibition increases peripheral insulin sensitivity.
Two major pathways appear to mediate glucose uptake in tissues that regulate glucose homeostasis. The first has been studied extensively and involves the binding of insulin to its receptor (a receptor tyrosine kinase IR) present at the plasma membrane of cells of insulin-responsive tissues, including skeletal muscle, fat, and liver (10, 16, 19) . When insulin binds to its receptor, the IR undergoes a series of conformational changes leading to autophosphorylation and the initiation of a complex cascade of intracellular signaling events, including the tyrosine phosphorylation of a number of downstream targets, ultimately leading to the translocation of GLUT4 to the plasma membrane and to increased glucose uptake. The PI3K and c-Cbl-associated protein (CAP)-Cbl pathways are critical to the action of insulin on glucose transport (20) .
PI3K plays a central role in the cellular action of insulin (16, 19) . The complex is composed of a catalytic subunit (p110) and a regulatory subunit (p85) and interacts with IRs via its Src homology 2 domains. PI3K has serine-threonine kinase activity and increases the generation of phosphatidylinositol 3-phosphate (PIP3). PIP3 then activates PKB, PKC-, and PKC-. The CAP-Cbl pathways represent the other important mechanism involved in insulin-mediated glucose uptake. Cbl is a protooncogene that is phosphorylated at tyrosine residues by IRs. Phosphorylated Cbl binds to the adapter protein CAP and translocates to lipid rafts, where it interacts with flotillin. Ultimately, this interaction leads to the activation of TC10, a G protein. The presence of activated TC10 in lipid rafts is critical for the translocation of GLUT4 to the plasma membrane. Our data indicate that Kv1.3 stimulated glucose transport via a PI3K-independent mechanism; however, they do not exclude the possibility that Kv1.3 acted on the insulin-dependent pathway at a step distal to PI3K or through the CAP-Cbl pathway. Interestingly, Kv1.3 localizes to lipid rafts in T lymphocytes, where it forms a complex with CD95 and p56Lck (2, 21) . Whether Kv1.3 also traffics to lipid rafts in adipocytes is not yet known.
The second major mechanism required for glucose uptake is evident during muscular contraction, when GLUT4 translocates to the cell surface and increases cellular glucose uptake in an insulin-independent manner. Indeed, the effects of insulin and exercise on GLUT4 translocation are additive in skeletal muscle. Wortmannin, an agent that inhibits PI3K activity, blocks insulin-stimulated GLUT4 translocation in skeletal muscle and cultured L6 myotubes but has no effect on contraction-mediated or Ca 2ϩ -dependent GLUT4 translocation in skeletal muscle (1, 9) . Under certain pathophysiological conditions, such as diabetes, insulin resistance, or obesity, in which insulin-stimulated GLUT4 translocation is impaired, contraction-stimulated GLUT4 translocation in skeletal muscle is maintained (6, 14) . Contraction-mediated GLUT4 translocation is Ca 2ϩ dependent, but insulin-dependent stimulation proceeds independently of Ca 2ϩ concentration in both skeletal muscle and cardiac myocytes. It is noteworthy that at least in adipocytes, intracellular Ca 2ϩ may also play an important role in insulin-stimulated glucose transport (24) . Finally, vesicle density and sedimentation velocity data suggest that insulin and muscle contraction mobilize distinct intracellular GLUT4 vesicles (5) .
The precise mechanisms that underlie the effect of muscle contraction on glucose transport are not well defined (8, 13, 17, 22) . It is currently thought that muscle contraction increases glucose uptake via two distinct pathways (17, 18) . Cell V m depolarization, which initiates muscle contraction, causes a rise in intracellular Ca 2ϩ concentration and leads to the activation of PKC and other proteins. Factors that affect resting cell V m , such as Kv channel activity (Kv1.3 and other Kv channels), could modulate intracellular Ca 2ϩ concentration and regulate glucose uptake. The other important pathway relates to the cellular stress induced by contraction with subsequent changes in the levels of ATP, glycogen, and oxygen. This pathway is postulated to involve AMPK, a putative sensor of cellular fuel stores, and nitric oxide synthase.
Inhibition of Kv1.3 by Psora-4 initially caused V m depolarization and resulted in V m oscillations. We speculate that these oscillations arose from the interaction of Ca 2ϩ -activated K ϩ channels, inward rectifiers, and Cl Ϫ channels. Indeed, Kv1.3, along with an inward rectifier and a swelling-activated Cl Ϫ current, was recently shown to participate in the regulation of baseline and dynamic V m in cultured rat microglia (15) . Ca 2ϩ oscillations were also noted with Kv1.3 inhibition. Of note is that depolarization-evoked Ca 2ϩ release and oscillations from intracellular stores have been observed in nonexcitable cells such as rat megakaryocytes (11) and pheochromocytoma (PC)-12 neurosecretory cells (12) . The precise mechanism that underlies this phenomenon still is unclear; however, in megakaryocytes, it is independent of external Ca 2ϩ and of the activity of the Na ϩ /Ca 2ϩ exchanger but appears to require an active inositol 1,4,5-trisphosphate receptor. In PC-12 cells, V m depolarization is accompanied by intracellular acidification, which is postulated to stimulate a H ϩ -Ca 2ϩ antiporter present in the secretory vesicles. The fact that V m depolarization achieved using high external K ϩ (150 mM, V m ϳ0 mV) also stimulated GLUT4 translocation suggests that depolarizationinduced Ca 2ϩ release from intracellular stores is a critical factor.
Kv1.3 inhibition in adipocytes leads to V m depolarization, Ca 2ϩ release from intracellular stores, increased intracellular Ca 2ϩ concentration, and ultimately GLUT4 translocation (Fig.  6) . The exact molecular mechanisms underlying the action of Ca 2ϩ on GLUT4 translocation are currently unknown. It should be noted that Kv1.3's role in intracellular Ca 2ϩ signaling of adipocytes is quite distinct from that which it plays in resting lymphocytes. In these cells, Kv1.3 inhibition decreases Ca 2ϩ entry (4). We conclude that Kv1.3 modulates glucose transport through a PI3K-independent pathway that requires Ca 2ϩ release from intracellular stores.
